The neutronic calculations and activation behavior of the proposed helium cooled ceramic breeder (HCCB) blanket were predicted for the Chinese Fusion Engineering Testing Reactor (CFETR) design model using the MCNP multi-particle transport code and its associated data library. The tritium self-sufficiency behavior of the HCCB blanket was assessed, addressing several important breeding-related arrangements inside the blankets. Two candidate first wall armor materials were considered to obtain a proper tritium breeding ratio (TBR). Presentations of other neutronic characteristics, including neutron flux, neutron-induced damages in terms of the accumulated dpa and helium production were also conducted. Activation, decay heat levels and contact dose rates of the components were calculated to estimate the neutron-induced radioactivity and personnel safety. The results indicate that neutron radiation is efficiently attenuated and slowed down by components placed between the plasma and toroidal field coil. The dominant nuclides and corresponding isotopes in the structural steel were discussed. A radioactivity comparison between pure beryllium and beryllium with specific impurities was also performed. After a millennium cooling time, the decay heat of all the concerned components and materials is less than 1×10 −4 kW, and most associated in-vessel components qualify for recycling by remote handling. The results demonstrate that acceptable hands-on recycling and operation still require a further long waiting period to allow the activated products to decay.
Introduction
The Chinese Fusion Engineering Testing Reactor (CFETR), designed by the China National Integration Design Group, is an ITER-like superconducting tokamak aimed at obtaining the complementary techniques and experience of ITER [1] . Key issues for the CFETR are tritium self-sufficiency and an adequate shielding ability and conversion of heat removal into exploitable electricity. Blankets surrounding the plasma chamber can fulfill these functions. The helium-cooled ceramic breeder concept is one candidate blanket and chosen as the HCCB blanket for CFETR. In the design process, neutronic analysis and radiation transport calculations to predict and confirm the expected neutronic parameters are required and are very critical in order to guarantee the feasibility and safety of the reactor device [2] [3] [4] [5] [6] . The complex nature of the calculated model makes the mapping of the radiation distributions much more timeconsuming, and every revision causes different results. The neutronic modeling and analysis are strongly dependent on the available design drawings to obtain sufficient accurate guidance for updating and optimization in further designs.
The neutronic characteristics of the HCCB blanket, such as the tritium breeding ratio (TBR), neutron flux and neutron spectra, and neutron damages, were calculated based on a detailed 11.25°torus sector of the CFETR model. Key nuclear quantities of activation behavior to ensure personnel safety were assessed both during the operation and shutdown stage when access was required to provide support for maintenance activities. RAFM (reduced activation ferritic-martensitic) steel [7] , adopted as the reference structural material for CFETR, was shown to be the dominant contributor to the decay heat and radioactivity and the contact dose rate. The achievable recycling limit and condition of the required materials and components from the CFETR model were discussed. It is worth bearing in mind that the presentation of the neutronic results is aimed at assessing the nuclear performance of the current HCCB blanket design for CFETR.
Calculation models and calculation procedure
The missions of CFETR are to generate about 200 MW fusion power together with a 30%-50% envisioned burning time, and the major radius and minor radius are 5.7 m and 1.6 m respectively [5] . A 11.25°torus sector of the CFETR was built up by MCNP based on an engineering design, including a blanket module at the inboard and one-and-a-half blanket modules at the outboard, as illustrated in figure 1. Along both toroidal and poloidal directions, the gaps between adjacent blanket modules are averagely set to 2 cm. The configuration of the CFETR from the plasma to the TF coil consists of the first wall (FW), breeding units, manifold, back plate support (BP), shield, vacuum vessel (VV), thermal shield (TS) and toroidal field coil (TFC). The HCCB blanket is composed of a tungsten amour 3 mm thick, an FW, breeder unit, stiffening grid and back plate. The basic structure of the blanket module is shown in figure 2 and each blanket module of the CFETR share the same basic structure. The Li 4 SiO 4 ceramic, beryllium (Be) and helium at 8 MPa were, respectively, utilized as tritium breeders, a neutron multiplier and coolant, while RAFM steel was chosen as the structural material. The radial size and the materials used in the CFETR are listed in table 1. The main basis material composition and impurity mass percentage considered in the activation calculation are given in table 2. The nuclear calculations of the neutron and photon reactions and transport were performed by using the MCNP Monte Carlo transport code and the pointwise continuousenergy neutron cross section data FENDL/MC-2.1 [8, 9] . An activation calculation was performed with the FISPACT-2007 code and EAF-2007 activation file [10] .
Results and discussion
The neutronics calculation and analyses have been performed to evaluate the nuclear performance of the HCCB blanket. The results regarding the tritium breeding, neutron spectrum, radiation damage and activation behavior are demonstrated.
Tritium breeding
Tritium self-sufficiency is a primary pre-condition for the operation of a fusion power reactor adopting the D-T fusion reaction as a source for energy production. Theoretically, TBR=1.0 is required. In fact, a global TBR should take additional margins into consideration, such as tritium losses and uncertainties like model simplifications and the neglecting of ports and statistical errors. The global TBR expected to account for associated influencing factors is usually conservatively required to be greater than 1.0 in CFETR design targets [11] . For a Li 4 SiO 4 tritium breeder, figure 3 shows the effect of different ranges of Li-6 enrichment from 7.6%-90% on the TBR. With an increase in the Li-6 enrichment, the TBR value increases significantly, and Li-6 enrichment of 80% is selected in the blanket for higher TBR. Be is chosen as the neutron multiplier due to its excellent neutron multiplication ability and moderation properties. The trend of TBR as a function of the Be pebble packing factor is shown in figure 4 , indicating the relationship between TBR and the packing factor. We can observe an increase in TBR with a higher packing factor due to the greater amount of neutrons generated. Nevertheless, a closer pebble packing factor could cause damage, for example, embrittlement and swelling in the Be due to irradiation-induced changes such as gases from irradiation transmutation, which can cause a degradation of the metal properties and a limitation of its lifetime. The packing factor of a Be pebble at 64% is adopted in this blanket to obtain a moderate tritium breeding capability. Tungsten has been chosen as the plasma facing material in this blanket, while Be is also a promising plasma for consideration due to its good thermal properties as well as its favorable post-irradiation behavior [12] . A TBR variation of the two candidates as a function of the FW armor thickness is depicted in figure 5 . An increase of the tungsten armor thickness results in a drop of the TBR value, while the same increase in the Be armor thickness results in a steady rise of TBR. With an increase in the armor thickness, the excellent neutron multiplication ability of Be enhances the TBR, and the good attenuation character of tungsten to the D-T neutrons from the plasma leads to a drop in TBR. The TBR distributions of the HCCB blanket modules are given in figure 6 with an 80% Li-6 enrichment and a 64% Be pebble packing factor and 3 mm thickness of the W armor. The global TBR after optimization is 1.255 with an average statistical error of 1%. The design of the current HCCB blanket was shown to be able to provide adequate tritium self-sufficiency with a high safety margin. The outboard contributes 69.42% of the global TBR while the contribution from the inboard is only 30.58%. However, this study did not consider the port effect; if the ports were built, the value of the TBR would decrease to some extent, and further calculations and discussions are required.
Neutron spectrum
The neutron flux of the inboard torus mid-plane is calculated and given in figure 7 . The neutron flux is attenuated by no more than one order of magnitude across the 31 cm-thick blanket module. The 20 cm-thick manifold zone also does not attenuate the neutron flux significantly. A strong attenuation of nearly three orders of magnitude is provided by the shield due to the selected material compositions which utilize hydrogen as an efficient neutron moderator: lead, iron and tungsten as a neutron and radiation absorber. If the specific shielding materials are not adopted, the radial dimensions of the shield will increase to ensure efficient shielding for the vacuum vessel and the outer components. The neutron flux at the W armor is about 1.08×10 14 n cm −2 s −1 . The flux after the vacuum vessel has dropped to 6.55×10 9 n cm −2 s −1 and the neutron flux in the toroidal field coil case is about 2.72×10 9 n cm −2 s −1 which realizes nearly a five orders of magnitude attenuation due to a good shielding performance of the components placed between FW and the TFC. After one year full power operation, the neutron flux in the toroidal coil case is about 8.57×10 16 n cm −2 , while after ten years of full power operation, the neutron flux of the toroidal coil case is , which can provide valuable data in the next step of the shield design.
The neutron spectrum regarding the considered materials of the inboard torus mid-plane is calculated and can be observed clearly through the plots in figures 8 and 9 respectively. The peak value appears at 14 MeV due to the anticipated CFETR D-T fusion around the plasma neutron source, and the neutron spectrum calculation is the first step towards the neutron activation calculation.
Radiation damages due to 14 MeV neutrons
To assess the radiation-induced transmutation in the structural materials of the fusion reactor, the accumulated atomic displacement (dpa) and the helium concentration of the irradiated components from the inboard torus mid-plane were carried out and are presented in figures 10 and 11 respectively. The dpa of the W armor and shield at maximum amounts to 2.52 and 0.063 dpa per full power year respectively. The achievable minimum dpa value in the steel of the vacuum vessel is 4.11×10 −5 due to the efficient protection by the preceding shield, BP and the breeding blankets and vacuum vessel itself. A level of 0.63 dpa is achieved at the front of the shield after ten full power years while the steel of VV will be subjected to 1.45×10 −3 dpa per full power year due to efficient protection by the preceding shield design, which is not crucial [13] , and the components can be operated over the lifetime of the HCCB blanket. The maximum helium production is estimated at W armor and the TFC with a value of 35.37 appm and 6.57×10 −5 appm, respectively, per full power year. Based on existing data, the current assumption is that the re-welding of stainless steel should be acceptable at He concentrations of less than 1 appm, and the maximum helium production of the shield is 0.36 appm per full power year. The helium concentration of the steel from VV is less than 0.017 appm per full power year, which is not crucial also. However, the simulation by the stochastic processes could be affected by simplifications of the configuration, and by the statistical error in conjunction with the uncertainty of the nuclear data. If correlative experiments can be carried out in further studies to verify the simulation results, more credible results can be obtained.
Activation inventory calculations
Activation analysis of the associated components and materials on the inboard torus mid-plane was performed to evaluate reactor safety and its decommissioning behavior based on the neutron flux densities and the spectrum obtained from preceding MCNP transport simulation. The volume of the related components was calculated separately and additionally. The activity unit is Bq per kilogram. The specific activity of each component across the inboard torus mid-plane is illustrated in figure 12 as a function of shutdown cooling time. The accumulated total activity of the HCCB blanket is 3×10 18 Bq kg −1 after 1 h cooling time, 4.97×10 17 Bq kg −1 after one year cooling time, 1×10
17 Bq kg −1 after ten years cooling time respectively. The W armor is a highly-irradiated component and represents the greatest proportion of the total activity inventory at 10 A comparison of the irradiated RAFM steel utilized in different components across the inboard mid-plane is depicted in figure 13 . The main dominant isotopes which contribute the largest radioactivity at different cooling durations are marked in the plot. Though the distance from the D-T fusion source of the three components is different, the same material, RAFM steel, has a coincident decreasing tendency and shares some discrepancies, and we also make a comparison between pure Be and Be with specific impurities, as shown in figure 14 . The results show a good agreement of the irradiation activities. The long-term radioactivity of Be with specific impurities is much higher than that of pure Be at 1×10 2 -8×10 4 years cooling time due to the long-lived isotope uranium and its activated production under neutron irradiation. Through the results we can see that the concentration of long-lived nuclides needs to be limited to achieve a relatively low radioactivity level. After up to 10 5 years cooling time, the two have basically the same radioactivity level at a value of 4.16×10 9 Bq kg −1 . The average decay heat distribution of each component is plotted in figure 15 . The RAFM steel and the W armor play an important role at the duration of 10 −4 -10 years cooling time. A significant drop in the decay heat values appears after 10 years shutdown cooling. After a millennium cooling time, the decay heat of all the concerned components and materials is less than 1×10 −4 kW. The contact dose rate is calculated to evaluate the potential recycling reactor components. The low-level waste (LLW) limit of the contact dose rate, in general, is assumed to be below 2 mSv h −1 [14] . The contact dose rate limits for remote handling/shielded operation and hands-on are 1.0×10 −2 Sv h −1 and 1.0×10 −5 Sv h −1 , as shown in figure 16 . Though the reduced activation ferritic/martensitic steel is adopted as the structural material in the blanket, the high dose rate still makes the hands-on recycling of the first-wall steel difficult due to the intense neutron fluences in the plasma facing components. After a millennium cooling time, the contact dose rates of the majority of the concentrated components and materials are sufficiently low to be recycled by remote handling, while acceptable hands-on recycling and operation are difficult and still require a further long waiting period to allow the activated products to decay. If recycling is required after the shutdown of the reactor, overall consideration must be involved in terms of the decay heat, material compositions and radioactivity because the compliance with limits set for the contact dose rate is not the sole criterion in the decision to recycle.
Conclusions and summary
The nuclear responses of the HCCB blankets for CFETR were performed based on a detailed 3D neutronic model. The TBR value was optimized considering different arrangements of breeding blankets in terms of Li-6 enrichment, the Be pebble packing factor and two promising armor materials. An increase in the Be armor thickness enhances TBR while the same increase in the W armor thickness degrades TBR. The difference arises from the distinct characteristics of W and Be. W can be used to shield and attenuate neutrons while Be can be used as a good neutron multiplier. The global TBR after breeding-related optimization without ports was 1.255 with a sufficient margin to cover losses and uncertainties, achieving the required design value greater than 1.0. The neutron flux and neutron spectrum of the components placed at the inboard mid-plane were calculated. The radiation-induced damage in the structural materials was evaluated by the accumulated atomic displacement (dpa) value and the helium production.
Activation calculations of the associated components and materials on the inboard torus mid-plane were performed. The accumulated total activity of the HCCB blanket was dominated by isotope 187 W at 10 −4 -10 −1 year cooling time from the W armor. A dramatic drop in the total activities occurs after ten years cooling time. The decay heat of all the concerned components and materials is less than 1×10 −4 kW after a millennium cooling time. The same RAFM steel used in the components with different distances from the D-T fusion source has a coincident decreasing tendency and the same dominant nuclides. The long-term radioactivity of Be is determined by the activated impurities and its production. After a millennium cooling time, only the W armor and Be in the blanket can be classified as LLW, and the contact dose rates of the majority of the concentrated components and materials are qualified to be recycled by remote handling, while acceptable hands-on recycling and operation are still unachievable and require a further long waiting period to allow the activated products to decay. 
